INTRODUCTION
Topological insulators (TIs) are characterized by a bulk band gap and robust metallic topological surface state (TSS) protected by time-reversal symmetry [1] [2] [3] .
Owing to their topological properties, TIs have found great potential in both fundamental science and future applications [1] [2] [3] [4] [5] [6] [7] . Bismuth chalcogenide (Bi 2 X 3 ), such as Bi 2 Se 3 and Bi 2 Te 3 , is one type of the most extensively studied three dimensional TI materials, regarding to their TSS [8] [9] [10] [11] . Meanwhile, Bismuth chalcogenide has also been widely explored as thermoelectric materials [12, 13] . The surface stability upon exposing to air or residual gases is very crucial and has long been addressed, because the air or residual gases can significantly affect the surface states and thermoelectric performance [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . A few groups reported the evolution of electronic properties of Bi 2 X 3 upon exposure to atmosphere [18] [19] [20] [21] . However, aging in ultrahigh vacuum was also observed but explained differently [24] [25] [26] . Upon exposure to CO, ARPES study showed the formation of quantum well states and Rashba splitting in Bi 2 X 3 [27] , but XPS experiments indicated there is no interaction [23] . Among the residual gases, O 2 and H 2 O are rather significant due to their inevitable existence in nature. Previous studies have shown that Bi 2 X 3 was chemically inert to O 2 [20] [21] [22] [23] . But, to date, the reactivity to water is still under debate. Even though quantum well states have also been observed upon exposure to water [16] , XPS data show that H 2 O is not reactive to Bi 2 X 3 [22] . The mechanism of how water reacts with Bi 2 X 3 is still not clear.
In this study, we report the reaction of water with Bi 2 Te 3 (111) surface by using scanning tunneling microscopy (STM) and spectroscopy (STS). Both Bi 2 Te 3 films and bulk single crystals exhibit the same phenomena. Even though XPS shows no prominent change of valence states, STM measurement indicates that surface morphology undergoes a drastic evolution upon exposure to water. Triangular shaped pits are formed in the top quintuple layer (QL) of the sample and the size of these pits grows with water dosage. Eventually the growing pits interconnect with each other until the full top QL is reacted. Finally, a surface terminated by hydrated Bi bilayers along with some Bi bilayer islands is formed and passivates the surface, preventing from further reaction. Spectroscopy measurements indicate the water acts as an effective n-type dopant. For comparison, exposure to oxygen gas has also been explored by STM, showing no prominent morphology changes except for some adsorbed features at surface defect locations. Since water and oxygen inevitably exists in air, the influence of water might be an important consideration in the reactions of Bi 2 Te 3 with residual gases and air.
II. EXPERIMENTAL DETAILS
The STS spectrums were acquired at ~77 K. Constant current mode was adopted for STM scan. Tunneling spectrums were collected using a lock-in amplifier with a bias modulation of 10 mV at 1000 Hz. All STM images are processed by WSxM software [28] . Water source was purified by cycles of freeze-pump-thaw. The purity of Oxygen gas used in the experiment is better than 99.999%.
The XPS experiment was carried out in an UHV chamber equipped with an
Omicron XPS (base pressure 5 × 10 -10 Torr). A load-lock chamber (base pressure 8 × 10 -9 Torr) was used for sample cleavage and H 2 O dosage. A monochromatized Al Kα X-ray source and a Sphera II Analyzer were used. XPS data were recorded in a perpendicular mode Surprisingly, it is found that only the top QL is reactive to water. Once the full top QL is reacted, as shown in Fig. 2(e) , the surface is no longer reactive to water, and no prominent evolution is observed for further water dosing, see also [30] . The dI/dV in the gap region is linearly dependent on the bias which has been well ascribed to the contribution from TSS [30] . Both the Min and the CBM shift to a lower energy with increasing water dosage, i.e., the Fermi level of sample is shifted up towards the conduction band. This provides a strong evidence for an n-type doping effect. Figure 3(b) shows the quantitative evolution of the Min and the CBM as a function of water dosage, which is in agreement with previous report [16] .
III. RESULTS AND DISCUSSION

Bi
Such doping effect can be presumably induced by the adsorption of some resultant species on the terrace, e.g., the white protrusions observed on the terrace I. The linear component of the dI/dV spectrum within the band gap region is kept almost unchanged all the spectrum measured at the water dosage of up to ~1760 L, suggesting that the TSS remains on the unreacted terrace area [16, 22] . Figure S4 in the Supplemental Material shows the atomic registration of the three terraces, I, II, and III in the same region [29] . The electronic fluctuation observed at terrace I, despite the perfect atomic periodicity, might be induced by some adsorbed species at surface or subsurface.
Spectroscopy measurement gives more evidence that terraces I and II are different terminations. The STS taken at the terrace II is markedly different from the one taken at terrace I, as shown in Fig. 4(c) . At first, the linear part of the spectrum at terrace II becomes less obvious which might indicate the dispersion change of TSS or weakened contribution from TSS [16, 31, 32] . Secondly, the valence band top and the conduction band bottom are more prominent and peak-like. According to the previous ARPES report, this might be due to the band quantization and the formation of quantum well states [16, 27] .
In contrast to the STM observation, XPS measurement showed no significant changes in the valence state of Bi and Te upon dosing water up to 120000 L, but the ratio of intensity for Bi to Te is increased upon dosing water, implying the top surface
Te desorbs from the surface, see Fig. 5 . In a previous study [22] , single crystals were dosed with water and showed a significant intrinsic bulk doping. Therefore, it is more difficult to dope a doped crystals than an un-doped one, which might correspond to the reason why such an effect was not detected. Considering that the binding energy of 4f core level of Bi in Bi bilayer is rather similar to that in Bi 2 Te 3 [33] , it is not straightforward to conclude the reaction only via XPS measurements.
It's worthwhile noting that the thickness of terrace III is ~0.4 nm, in line with the thickness of Bi bilayer, as reported previously [34, 35] . Therefore a reasonable explanation is the formation of resultant Bi bilayer-related structure.
Based on STM / STS, and XPS experimental results, we adopt the similar reaction as proposed in the literature [16] and 4(f) present the images for the same area before and after water dosing, respectively. After dosing water, we found the triangular pits start to form at the terrace and simultaneously some unknown structure is deposited at the step edge.
These deposited structure at the step edge was not observed at room temperature.
This observation can be explained by formation of the clustering of H 2 Te which would desorb from the surface at room temperature. Compared to the well-defined triangular shape formed at room temperature, the pits formed at low temperature are more irregular, as shown in Fig. 4(f) . We believe at such low temperatures the pit doesn't gain enough thermal energy to ripen or coalesce.
Exposure to O 2 up to 10000 L has also been investigated, but no prominent surface morphology change was detected, except some oxygen related species adsorbed at the surface (Fig. S6 ) [29] . In contrast, the reactivity towards water is not dependent on the surface defects.
IV. CONCLUSIONS
In summary, we have directly characterized the reaction of water at Intensity (arb.) (a) (b) (c) Figure 5 
